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EXPLOSIVE FLUX COMPRESSION GENERATORS FOR RAIL GUN POWER SOURCES*

by

C. M. Fowler, D. R. Peterson, R. S. Caird, D. J. Erickson
B. L. Freeman and J. C. King
Los Alamos Scientific Laboratory
Los Alamos, NM 87545

ABSTRACT

A class of explosive magnetic flux compression generators 1s described
that has been used successfully to power rail guns. A program to increase
current magnitudes and pulse lengths is outlined. Various generator loss
terms are defined and plans to overcome some of them are discussed.
Included are various modificatrions of the conventional strip generators
that are more resistant to undesirable expansion of generator components
from magnetic forces. Finally, an integrel rail gun 1s discussed that has
coaxial geometry. Integral rail guns utilize the rails themselves as flux
compression generator elements and, under ideal conditions, are
theoretically capable of driving projectiles to arbitrarily high
velocities. Integral coaxial rail guns should be superior in some regards
to their square bore counterparts.

I. Introduction

We describe a class of explosive magnetic flux compression generators
that has been used successfully to power rail guns in a joint LLNL-LASL
rail gun program. This report is one of five presented at this confercnce
that, collectively, attempt to survey the present and near-term future
status of tﬁia joint laboratory program.(l'a)

There are a number of types of explosiva flux compressién generators,
each possessing some pacticular advantage for e particular application at
hand.{3) The generators usad for the rail gun power supplies belong to the
strip generator clasa, first described in 1965 although in use saveral
yuars earlier. (6) Strip generntors ware selected for this work because

they can deliver large currents for long times - prerequisites for many

rail gun applications.
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In Section II, we describe the construction and operating principles
of strip generatore, testing procedures, and present some typical
current-time wave fofms obtained with both static and actual rail gun
loads. Plans for near term future generator developments, that include
methods for increasing currents and pulse lengths, are given in
Section III. It is pointed out that minimizing various loss terms 1s
important.

I1. The Strip Generator

We describe here the strip generator presen”ly used in this program,
some of its pre-testing before use with the rail guns, and some of the
current wave forms generated by it. This generator is the simplest and
c.eapest generator used at Los Alamos. A variant of this generator wi'l be
ueed in some future shots. It will be descr!’bed in Section III.

(a) Description

Basically, the conventioual strip generator consists of long parallel
strips of coppcr, one of which is overluid with explosive sheets, together
with input and ocutput blocks for cipacitor bank cable input leads and for
conuections to the load respactively. Figure 1 gives a skaetch of the
generators tested and used to date. The copper strips are about 57 mm
wide, 1.6 mm chick, and 2.45 m long, although higher current :ests have
been made using shorter lengthr. The copper strips are separated by 51 mm.
The long edges of the upper copper strip are bent up to add structural
rigidity. This strip then assumes the form of a shallow U-shaped channel
as noted by the sectlonal sketch of Flge 1o Two layers of C-8 Detasheet
explosive, 45 mm wide, are placed over the upper coppar plate. To minimize
expansion of generator components from magnetic forces stecl ballast bars,

51 mm wide and 12.7 to 25 mm thick are laid on rop of the Detashent
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explosive and directly under the bottom copper strip. The input and output
wedgr:3 are cut from 51 mm square brass bar stock, and then drilled and
tapped individually to accommodate cable input header attachments and to
make output connections to the various loads tested.

Initial flux 1s supplied to the generators by a large capacitor bank
located at the firing site. The bank is presently beiag upgraded to some
900 kJ, but at the time the results reported here were obtained its nominal
rating was 600 ° (3000 uF, 20 kV). The bank is so arranged that only half
of it may alsc be used. This is frequently done, especially when new
systems are being developed. The detonutor i1s fired after flux is
introduced into the generator and load. The resultarnt detonation of the
explosive strips first results in closing the current input slot, thus
trapping the magnetic flux. As detonation proceeds the top plate is driven
into the bottom plate, thereby pushing the flux into the 1oad.

(b) Pre-testing

S*raral preliminary test shots are normally carried out with
particular types of generators before they are used in rail gun shors.
These tests furnish iuformation on szhot timing, current carrying
capability, the amount of ballaesting required, and give some idea cE the
current limits expected in t'ie actual rail gun tests. Current carrying
capability 18 usually established by fi:ing the generamtors into nearly
short civcuit loads.

Figure 2 plves a sketrh of o tost lead uaed to voughly pre-asssay thoe
generator performance when used to power a 0.9 meter rail gun. The test
load, designed to simulate a 1/2" bore gun, was formed from two parallel
brasse bars, each 19.1 mm square and U.9! n long, and sepnrated from each

other by 12.7 mm. Steel ballast bars, 12.7 mm wide and 51 mm high, were
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then placed on top of the upper brass bar and beneath the lower bar. The
entire V.91 m long load was in thce circuit acr all times. Thus, the
generator had to powér tue complete simulated rail gun load, instead of the
gradually increasing load a projectile travelling down the bore would
generate. In this sernse the test would represent a lower iimit on the
current-time profile an actual projecrile would experience.

Other tests were made on this shot. One was a study of the separation
of the rails from the magnetic forces developed during the test. Results
of this study will be described in Section III. Another test was deslgned
to detect an electricel breakdown between the rails, (uninsulated in actual
guns) should it occur. Electrical insulation was therefore extended only
0.45 m between the rails or half-way down the "bore'. B, magnetic field
measuring probes were placed in the bore. Onc was placed in the insuliated
section, as was a current measuring (Rogowski) probe. The other B, probe
was placed at the end c¢f the bore. If an electrical breakdown occurred
between rails in the uninsulated section, the probe signals would reflect
the breakdown. 1In the actual shot the two B, probe signals were
esuentially identical showing that no electrical breakdown occurred over
the uninsulated section. The curreat record obtained for this shot is
shown in Fig. 3. During generator burn the current gradually increased to
nearly 700 kA at generater burnout. After burnout the current decayed from
flux penetration into the rails and from expansicn of the bore. Tests of
this nature are useful but, as it turns out, are only qualitative. As will
be note’ in Section III, the load inductance increased substantially from
rail separation thus reducing the current from that which a well-designed
rail gun would allow. On the other hand, in our actual rail guns 1t

appears that an appreciable fraction of the flux can be lost through the
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curreat arc behind the projectile. 1In this serse, the test would
overestimate the current.

(c) Rail gun cﬁrrent profiles

Current vs. time plots are given on Fig. 4 for threre different rail
gun ahoLs.(l'Z) Identical strip generators were used on all shots, and the
3000 uF capacitor bank supplying the initial flux was charged to about
16 kV on each shot. The two lower curves were cbtained from shots with
esgentially idearical rail guns (1.83 m long) and projectiles
(12.7 x 12.7 mm bore, lexan cubes). The upper record was obtained with a
large bore gun (50 x 50 mm bore; lexan cube) of length 0.3 m.

In all shots the current arc is established during the initial
capacitor bank current rise, during which time thc copper fuse located
behind the projectile is vaporized. The energy requirea to vaporize the
fuses is small, and the time at which vaporization takes place can cnly be
readily detected from current time de-ivativc signals. The strilp generator
detonation times are chosen to occur ncar the maximum current produced by
the capacitor bank. In all cases this occurred at about 80--85 us after
capacitor bank trigger, at which times the curvents were of order
630-640 KA.

The lower two curves show the extremes we have encountered 1in
supposedly identical shotas. At present we have not 1solated tlhe causes for
this variation. The current proflles are intimately related to the
projectile dynamics, and scme difference in projectile behavior could be
involved. However, greater attention was paid to ballasting potential weak
spots for the higher current shot of this pair, particularly at the
connection of the generatoc output to the rail gun input. This factor

could account for some of the higher current.
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T'he current profile obtained from the shorc, large bore gun exhibits
the highest current we have obtained to date with this system, 1.95 MA.

ITII. Future Developments

The major generator dev>lopment effort in the next year or so will be
to Incr=ase the current carrying capability and the pulse lengths delivered
by the generators. As will be discussed below success in achieving these
goals is strongly depeaden: upon minimizing losses.

We will confine this discusnion to considerations of single, practical
generators. It may be possible to connect and consecutively fire several
such generator modules in series. This would multiply the individual
generator pulse length, but would compound the loss terms that are usually
strongly time dependent. Use of several iniividual modules to power
szgnented rall guns remains to be agemonstrated, as in the case for other
proposed power sources. Hcwever, in this case the modules would be
isolated. The fractional loss terms would then be the same £3 those of a
single module but the pulse lengths would be multipliede There is 1ittle
doubt that significantly better performance can be eipected if this can he
done, or 1f related :techniques can be employed such as use of suitable
opening switches or, in some situations, high current capaclty dicdes.

(a) Losses

It is generally assumed that the generator explosives contain far more
energy than any electrcmagnetic energy terms involved in their operation.
Thus total energy balance, which would invelve that contained in the
explosive, 18 usually not particularly useful. 1Instead, electrical
quantltlies of Incerest are doeduced [rcom mechanlcal and electrical
prepertics of the generator and icad and by invoking the conservation of

flux. Implicit in these sclutions are various work and kinetic energy



-7-
terms that might occur from motion of varicus compcnents of the generator
and load.

There are some rail gun systems we are studying where limitatioas may
arise from lack oi sufficient explosive energy, because it may be difficult
to use much explosive in a practiccl way. These situations could arise in
various hybrid vr integral rail guns, such as chose described by Peterson
and Fowler-(7) Here, one or both of the gun rails may be overlaid with
explosive. Thus, the rail gun itself serves as a st:ip generator. An
interesting, particularly sturdy, variation of this hybrid generator,
utilizing a coaxial arrangement, is shown ip Fig. 5. Either the central
cylinder could be loaded with explosive, which might also be explesive
energy limited, (configuraticn A), or the outer cylinder could be encased
with cylindrical explecsive charges (configuration B). In the la:tter case,
phased detconatlon of the explo:ives could lead to very high projectile
velccities as, theoretically, is the case with the square bore integral
rail gun.(7) Hocwever, 1n both cases the projectile would he arnular in
shape. It might prove difficult to form and maintain a radially symmetric
current arc. Ever. with a symmetric arc, the pressure on the projectile
would decrease with jucreasing preojectile radlias, and this could also be
troublesome. Consequently, nn experimental werk has baen done with these
configurations as yet.

With no energy limitations on the cxplosives the lesses, in the flux
diffusion approximation, are thereby limited to those of the magnetic flux
originally resident in the system. Some of these losses occur in the rail
pun ftselt = ditfusion Inte che rally aud leoges assoctlated wich the

current arc between the ralls. Thesc losdes can he very aigntficunt burt,



-8~
since they are not directly assciated with the generators, will not be
considered further in this report.

Flux losses associated with the generator itself include that which
has diffused into the copper strips, flux "rapped at the mouving contact
region between the strips, and that trapped in the stray inductanc2 at the
conducting joints that actach the generator output to the rail gun input.
Very roughly the fractional flux lcsces ascociated with the first two
processes vary respectively as the square roct cof tie pulse length, and
directly with the pulse length. Ia both cases, the fractional flux losses
are smaller when the generator inductance per unit lengci 1- larger. We
intend to study these loss terms in more detail as time proj)resses.

Possible loss terms assccliated with the generator output-rail gun
input ace graphically i1llustrated in Fig. 6. This figure shows two x-ray
photographs of this juncticn fcr the simulated rafl gun load sketched in
Fig. 2. The upper view 1s a pre-shot view of the junction while the lower
view was taken near generator burnout. The initlal inductance of the
connectling junctions was reasonably low. A more significant fraction of
the initial flux was later lost at the junction owing to the great Increase
in inductance breought abcut by displacement of the junction components from
magnetic forces. Proper support for suzh regions, elther by ballasting or
clamping, 18 important for efficient generatcr operation. As noted
earlier, a higher current was ohtained in a series of otherwise identical
rail gun shots when morse care was taken to strengthen thls junction.

Mechanical displacement of the strip genecatcr plates from magnetic
[forces alac ceenva duaring the caplostye penevacion stave.  Althoagh the
explosive finally does wipe out all cof the initial incuctance originally in

the strip gencrators, these displac2ments produce time variations in the
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generator inductance that depend upon the current-time profile seen by the
generator strips. Proper modelling of the generator-rail gun should
account for these displacements as noted by Deadrick et al.(4)

(b) 1Increasing the current pulse

We intend to increase the pulse lengths by increasing the length of
the generators, and by using slower detonating explosives. Practical
corstructicn considerations set an uppen length limit of about 3.7 m
(12 feet) for a module. Additionally, Baratol explcsive strips are now
being processed for testing. This explosive detcnates at a velccity
somewhat less than three-quarter of that of Detasheet. Finally, special
explosives have been develcoped at Los Alamcs for this work that detonate at
velocities of order half that of Detasheet-(a) If these explosives are not
too severely limited in energy their use, in conjuncticn with the larger
generator lengths, should allow construction of generators that are capable
of producing useful pulses in excess cf a milliseccnd long.

Increase in current magnitudes will be accomplished first by
discharging the capacitor bank at higher vcltages. Later, we anticipate
the need for more initial generatcr energy than 1s available in the
capacitor bank. We are therefore starting develcpment of a spiral-type
bocster generatcr. Tt should be capable of supplying the strip generatcrs
with several megajoules of infitlal energy.

There are several ways to make the strip gencrator sturdier, a
necessity to combat mechanical displacements brought about by larger
currents and pulse leagths. The present generater cross-scction may be
scalad Unearly, and varicus closo g arcany sa-ats oo hee used to assliare
the inertial hallasting precsently in use. Beth of these are cumbers<me,

however, so we have started constructicn cof "inside cut" strin generators,
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similar to those reported by Herlach et al.(g) A schenatic¢ of this
generactor is shown in Fig. 7. The magnetic stresses are disposed more
favorably for this class of generator since they tend to puvsh the lighter,
explosive driven plates inwards. On the other hand, the outer plates can
be quite massive and, further, they are alsc subject to simple clampiug
arrangeaents. Although these generators are more complicated, and
rherefore more costly, than the conventicnal cnes presently used, the costs
are still small compared to those of the rall guns. They usually use the
explosives amore cfficiently and, for a given width, they can be construcred
to have more inductance per unit length.

Finally, scme thought has been given to using coaxial generators
instead of strip generators for prime pcwer sources.(S) These generators
are similar to the coaxial rail guns shown in Fig. 5, without the annular
projectile, of course. They are excepticnally sturdy generators.

Explosive machining costs could be eliminated by using liquid explosives,

such as nitromethane, for the A configuration. However these generators

normally have less specific inductance than strip generators, and they are

more difficult to make in long lengths. It is also usually more difficult

to make connections to the lcads. An exception would be if the lcad itself

is coaxlal, such as the coax?al rail gun of Fig. 5.

*Work performed under the auspices of the U. S. Department of Energy.
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Figure Captilons

Fig. l. Side view of a conventional strip generator. The creoss-section ls
shown at plane AA.
Fig. 2. Simulated rail gun load powered by a strip generator, showing the
heavv ballasting used to resist expansion by magnetic forces.
Fig. 3. Current-time record obtained from the generator powered simulated
rail gun load shown in Fig. 2.
Fig. 4. Current-time records obtained from three different rail gun shots
with cubical lexan projectiles. 1.8 meter long rail guns with 12.7 mmm
square bores were uscd for two of the shots. 1In the third shot, the rail
gun was only 0.3 m long, but the bore was 50 mm square. The highest
c rrent obtained to date war recorded on this shot.
Fig. 5. 1Integral coaxial rail guns, showing annular projecrile. Explosive
is loaded in the inner cylinder fo. configuration A and around the outer
cylinder for configuration B. Without the projectile, Both configurations
become ccaxial flux compression generators that have some advantages as
externel power souvces foc rall guns.
Fig. 6. n)-Flash x~ray of shot setup at loal-generator connection for the
simuiated rallgun of Fig. 2.

b) Flash x-ray taken near generator burncut at same region as the
setup shot (Fig. 6a).
Fip. 7. Side view of "inside-out" strip generator. Although more
complicated tu fabricute than conventional strip generators, they can be

more readily adapted to withatand magnetic stresses.
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